The effects of realistic tactile haptic feedback on user surface texture perception by Shana Smith et al.
 1004 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2015, VOLUME 17, ISSUE 2. ISSN 1392-8716  
1572. The effects of realistic tactile haptic feedback on 
user surface texture perception 
Shana Smith1, Gregory C. Smith2, Ji-Liang Lee3 
Department of Mechanical Engineering, National Taiwan University, Taipei City, Taiwan, R.O.C. 
1Corresponding author 
E-mail: 1ssmith@ntu.edu.tw, 2gsfsmith@msn.com, 3foxlee1124@gmail.com 
(Received 14 July 2014; received in revised form 1 September 2014; accepted 18 September 2014) 
Abstract. Haptic interaction plays an important role in virtual reality and human-computer 
interaction paradigms. However, most haptic devices only create kinesthetic feedback or simple 
unrealistic tactile feedback. This study presents theory and practice for creating realistic tactile 
feedback. The approach is based upon skin sensing capabilities, tactile perception principles, and 
tactile stimulation techniques. The approach uses a vibration sensor, controller, and actuator to 
create a tactile haptic device. The device is portable, small, light, and cost-effective. This study 
uses the device to create realistic tactile sensations from actual surface features, and measures the 
effects of tactile haptic feedback on user surface texture perception. Verification test results show 
that the device can create realistic tactile feedback that matches actual surface features well. User 
test results show that users can match actuator vibrations for 40-grit and 180-grit surface textures 
to actual 40-grit and 180-grit surface textures 99.3 % of the time. 
Keywords: realistic tactile haptic feedback, user surface texture perception. 
1. Introduction 
Teleoperators and virtual environments are important in science, engineering, and education. 
Teleoperators and virtual environments give users the ability to interact with real or virtual objects 
across space, time, and size limitations. 
Haptic feedback improves grasping, manipulation, learning, and user response [1, 2]. Haptic 
feedback improves realism, and realism improves user performance. However, most haptic 
devices only create kinesthetic (weight, inertia, viscous damping, or spring force) feedback or 
simple unrealistic tactile (position, shape, flexibility, surface texture) feedback [3].  
The goal of this study is to create a realistic tactile haptic device for teleoperators and virtual 
environments. The device must be portable, small, light, and cost-effective. The device must also 
be natural, intuitive, and easy to use.  
1.1. Tactile haptic devices – grounded devices 
Massie [4] created the first grounded tactile haptic device. The device uses mechanical 
linkages and DC motors to create kinesthetic feedback. The device also uses mechanical linkages 
and DC motors to create simple static or low-frequency tactile (position, shape, or flexibility) 
feedback. The device is fixed to a stationary base. The overall size, weight, and cost of the device 
are 168×203×120 mm, 4 pounds, and approximately USD $1,000. Users interact with the device 
by moving a stylus. 
Asamura et al. [5] created a grounded tactile haptic display. The device uses a finger pad with 
electro-magnetic pin arrays to create simple high-frequency tactile (vibration) feedback. The 
device is fixed to a stationary base. The overall size, weight, and cost of the device are not reported. 
The size of the display is approximately 10×10×10 mm. Users interact with the device by attaching 
their hand to the display. 
Hayward and Cruz-Hernandez [6] created a grounded tactile haptic display. The device uses a 
finger-pad with piezo-electric actuators to create simple high-frequency tactile (friction) feedback. 
The device is fixed to a stationary base. The overall size, weight, and cost of the device are not 
reported. The size of the display is 12×12×1 mm. Users interact with the device by touching the 
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display.  
Makino et al. [7] created a grounded tactile haptic display. The device uses a palm-sized 
display with pneumatic actuators to create simple high-resolution static tactile (position and shape) 
feedback. The device is attached to a stationary base. The overall size, weight, and cost of the 
device are not reported. The size of the display is 20×20 mm. Users interact with the device by 
placing their hand on the display. 
Kammermeier et al. [3] created a grounded kinesthetic, thermal, and tactile haptic display. The 
device uses DC motors, Peltier devices, and vibration motors to create simple kinesthetic (force), 
thermal (temperature), and simple tactile (vibration) feedback. The device is fixed to a stationary 
base. The overall size, weight, and cost of the device are not reported. The size of the fingertip 
display elements is 15×15×2 mm. Users interact with the device by attaching their hand to the 
display. 
Dosher and Hannaford [8] created a grounded tactile haptic display. The device uses 
mechanical linkages and flat coil actuators to create simple static tactile (friction) feedback. The 
device is fixed to a stationary base. The overall size of the device is 200×200 mm. The overall 
weight and cost of the device are not reported. The size of display is 5×5 mm. Users interact with 
the device by attaching their finger to the display. 
Hashimoto et al. [9] created a grounded tactile haptic display. The device uses sensors, 
microprocessors, and speakers to create more realistic low-frequency tactile (position) feedback. 
The device is fixed to a stationary base. The overall size of the device is 110×107×95 mm. The 
overall weight and cost of the device are not reported. Users interact with the device by placing 
their palm on the display. 
1.2. Tactile haptic devices – ungrounded devices 
Murray et al. [10] created an ungrounded vibro-tactile glove. The device uses small voice coil 
actuators to create simple high-frequency (force) feedback. The device is portable. The overall 
size, weight, and cost of the device are not reported. The size and weight of the actuators are 
20 mm (diameter) × 4 mm (thickness) and 1.7 g. Users interact with the device by wearing the 
glove. 
Pabon et al. [11] created an ungrounded tactile haptic glove. The device uses optical sensors 
and disk vibration motors to create more realistic high-frequency tactile (flexibility) feedback. The 
overall weight and cost of the device are not reported. The sizes of the sensors and actuators are 
2.4×2.4×ܮ mm (ܮ is the length of a finger joint) and 5×8×21 mm. Users interact with the device 
by wearing the glove. 
Romano et al. [12] created an ungrounded tactile haptic glove. The device uses optical sensors 
and disk vibration motors to create more realistic high-frequency tactile (surface texture) feedback. 
The device is portable. The overall size, weight, and cost of the device are not reported. The sizes 
of the actuators are 10 mm (diameter) and 12 mm (diameter). Users interact with the device by 
wearing the glove. 
Ryu et al. [13] compared tactile haptic displays for cell phones. The devices use disk vibration 
motors or voice coil actuators to create simple high-frequency tactile feedback. The devices are 
portable. The overall sizes, weights, and costs of the devices are not reported. The sizes of the disk 
vibration motors are 10 mm (diameter) and 32 mm (diameter). The weights of the voice coil 
actuators are 10 g (with adapters). Users interact with the devices by holding the devices.  
2. Tactile perception capabilities 
A realistic tactile haptic device creates tactile feedback that matches users’ tactile perception 
capabilities. Tactile perception is achieved by passive and active touching [14-16]. Passive 
touching is touching without voluntary motion. Active touching is touching with voluntary motion. 
A realistic tactile haptic device must give users the ability to detect properties (position, shape, 
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flexibility, surface texture) by passive or active touching. 
2.1. Tactile sensing capabilities 
Tactile sensing is achieved by tactile receptors [17] (see Fig. 1). ܯ௟  receptors detect 
small-scale static forces. ܴ  receptors detect small-scale high-frequency (100-500 Hz) friction 
forces. ܯ௥  receptors detect small-scale low-frequency (2-40 Hz) vibrations. ܲ receptors detect 
small-scale high-frequency (40-500 Hz) vibrations. ܲ receptors detect small-scale high-frequency 
(200 Hz) vibrations most easily. A realistic tactile haptic device must give users the ability to 
detect static forces, dynamic (100-500 Hz) friction forces, and dynamic (2-500 Hz) vibrations by 
passive and active touching.  
 
Fig. 1. Tactile receptors 
2.2. Tactile feedback techniques 
Okamura et al. [18] used stylus sensors to measure actual sandpaper and patterned-surface 
surface textures. The device converts measured surface textures into vibration (amplitude, 
frequency) parameters. The device does not create tactile (surface texture) feedback. The study 
showed that different sandpaper and patterned-surface surface textures have different 
characteristic frequencies. 
Tanaka et al. [19] used PVDF (polyvinylidene fluoride) film sensors to measure actual fabric 
surface textures. The device converts actual surface textures into vibration (amplitude, frequency) 
parameters. The device does not create tactile (surface texture) feedback. The study showed that 
different fabric surface textures have different characteristic frequencies. 
Kyung et al. [20] used a tactile haptic display to create fixed-amplitude fixed-frequency 
vibrations. The device uses user tests and regression analysis to match vibrations to actual 
sandpaper surface textures. The device does not create realistic tactile (surface texture) feedback 
from actual surface textures. The study showed that tactile (surface texture) perception is related 
to vibration amplitude and frequency. 
Ikei [21] used amplitude modulation (AM), additive synthesis (AS), and pin arrays to create 
fixed-amplitude mixed frequency (50 Hz, 250 Hz) vibrations. The device does not create realistic 
tactile (surface texture) feedback from actual surface textures. The study showed that tactile 
perception is related to vibration frequency. 
Romano et al. [12] used optical sensors and disk vibration motors to create variable-amplitude 
variable-frequency vibrations. The device uses optical sensors to detect hand motions. The device 
uses disk vibration motors to create different variable-amplitude variable-frequency vibrations for 
different hand motion speeds. The device does not create realistic tactile (surface texture) feedback 
from actual surface textures. The study showed that disk vibration motors can be used to create 
different variable-amplitude variable-frequency vibrations. 
Kammermeier et al. [3] used DC motors, Peltier devices, and vibration motors to create forces, 
temperatures, and vibrations. The device creates different fixed-amplitude fixed-frequency 
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vibrations for different sliding motions. The device creates different damped-amplitude 
fixed-frequency vibrations for different tapping motions. The device does not create realistic 
tactile feedback from actual surface features. The study showed that DC motors, Peltier devices, 
and virations motors can be used to create forces, temperatures, and vibrations. 
Garcia-Hernandez et al. [22] used passive pin arrays to create static surface texture patterns. 
The device does not create realistic tactile (surface texture) feedback from actual surface textures. 
The study showed that passive pin arrays can be used to create static tactile (surface texture) 
feedback. The study showed that static tactile (surface texture) perception is related to passive pin 
array size and pin spacing.  
3. Device design 
3.1. Device model 
This study creates a device (sensor, controller, actuator, sensor installation effect) model for a 
realistic tactile haptic device (see Fig. 2). The device model needs to create realistic tactile 
feedback that matches actual surface features well. The device model also needs to create realistic 
tactile feedback, in real-time. 
 
Fig. 2. Device model 
The device model uses a vibration sensor to create sensor signal ଵܺ from a physical vibration 
ܸ, from actual surface features: 
ଵܺ = ܸ ௌܶܫଵ, (1)
where ௌܶ is the transfer function model of the vibration sensor. ܫଵ is a transfer function model that 
represents sensor installation on the actual surface. The device model includes ܫଵ because sensor 
installation may affect ଵܺ, when ܸ and ௌܶ do not change.  
The device model uses a controller to create controller signal ଵܻ from sensor signal ଵܺ. The 
device model uses an actuator to create controller vibration ଵܻ ஺ܶ from controller signal ଵܻ. The 
device model uses a vibration sensor to create sensor signal ܺଶ from actuator vibration ଵܻ ஺ܶ: 
ܺଶ = ଵܻ ஺ܶ ௌܶܫଶ, (2)
where ஺ܶ is the transfer function model of the actuator, and ܫଶ is a transfer function model that 
represents sensor installation on the actuator.  
To create realistic tactile feedback that matches actual surface features exactly, actuator 
vibration ଵܻ ஺ܶ must match physical vibration ܸ exactly, and sensor signal ଵܺ must match sensor 
signal ܺଶ exactly. When ଵܻ ஺ܶ = ܸ and ଵܺ = ܺଶ, Eq. (1)-(2) can be used to find ܸ:  
ܸ ௌܶܫଵ = ଵܻ ஺ܶ ௌܶܫଶ, (3)
ܸ = ଵܻ ஺ܶ ൬
ܫଶ
ܫଵ
൰. (4)
Eq. (4) shows that actuator vibration ଵܻ ஺ܶ matches physical vibration ܸ exactly when ଵܺ = ܺଶ 
and ܫଵ = ܫଶ . To create realistic tactile feedback that matches actual surface features well, the 
device uses sensor(s) that are similar, and the device installs the sensor(s) in the same way on the 
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actual surface and the actuator. When ଵܻ ஺ܶ = ܸ, ଵܺ = ܺଶ, and ܫଵ = ܫଶ, Eqs. (1) and (4) can be 
used to find ଵܻ: 
ଵܺ = ଵܻ ஺ܶ ௌܶܫଶ, (5)
ଵܻ = ଵܺ( ஺ܶ ௌܶܫଶ)ିଵ. (6)
Eq. (6) shows that controller signal ଵܻ can be generated by multiplying sensor signal ଵܺ by the 
controller transfer function model ଵܻ = ଵܺ( ஺ܶ ௌܶܫଶ)ିଵ. 
To create realistic tactile feedback that matches actual surface features well, the controller 
transfer function model needs to be found. The sensor, actuator, and sensor installation effect 
transfer function models can be used to find the controller transfer function model.  
Trained neural networks (NNs) can be used to model specific human reasoning or human 
signals. This study uses a trained NN controller to model tactile signals. To train the NN controller, 
training signal ଵܻ can be used to create actuator vibration ଵܻ ஺ܶ, sensor signal ܺଶ can be measured, 
ܺଶ, and ଵܻ can be sampled to create input and output training vectors, and the training vectors can 
be used to train the NN controller: 
( ଵܻ)௜ = (ܺଶ)௜ ேܶே, (7)
where ݅ = 1, 2, …, ݊, for ݊ training vector data points. 
After training, the NN controller creates a controller signal ( ଵܻ)௜ from ( ଵܺ)௜ needed to create 
an actuator vibration ଵܻ ஺ܶ that matches vibration ܸ, from actual surface features. As a result, the 
device model creates realistic tactile feedback that matches actual surface features well. The 
details of the NN training are given in sections 3.3 and 3.4. 
3.2. Device hardware 
This study creates a prototype device. The device uses a sensor, NN controller, and actuator to 
create realistic tactile (surface texture) feedback from actual surface textures. 
The prototype device uses a Measurement Specialties LDT0 piezo-polymer film sensor and a 
Fly-Tek micro-speaker actuator. The sensor can detect small-scale (10-180 Hz) vibrations. The 
micro-speaker can create small-scale (50-20000 Hz) vibrations. The micro-speaker has an 
independent frequency and amplitude response. 
The sensor and micro-speaker are portable (see Fig. 3). The sensor and micro-speaker are  
small, light, and cost-effective. The size of the sensor is 13 mm×25 mm. The size of the 
micro-speaker is 40 mm (diameter). The weights of the components are approximately 10 to 20 g. 
The costs of the sensor and micro-speaker are approximately USD $4. The sensor and 
micro-speaker are natural, intuitive, and easy to use. The micro-speaker can generate vibrations 
on a user’s fingertip.  
 
Fig. 3. Supervised NN training process [23] 
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3.3. NN training process 
The prototype device used a trained NN controller. To train the NN controller, a supervised 
NN training process was used to send input training vectors to the NN controller, calculate errors 
between NN controller output vectors and output training vectors and modify the NN controller 
to minimize errors (see Fig. 3) [23]. The trained NN controller duplicated the unknown controller 
transfer function that converted input training vectors to output training vectors. 
The supervised NN training process consisted of five steps: 
1. Collect training data. 
The path from input, through the unknown function, to output.  
2. Normalize the training data. 
3. Use normalized input vectors and the NN to compute predicted output vectors. 
The path from input, through the NN, to predicted output.  
4. Calculate errors between output vectors and predicted output vectors. 
5. If the errors are large, update the NN, go to Step 3. 
If the errors are small, stop the training process.  
The prototype device used a multi-layer perceptron (MLP) NN controller. The MLP NN 
controller had an input layer, a hidden layer, and an output layer. To reduce complexity, the output 
data points were divided into 25 equally spaced divisions and each division contained 10 data 
points. The MLP NN controller used twenty-five NNs to transform input signal vectors into output 
signal vectors. Each input layer had 250 neurons, each hidden layer had 10 neurons, and each 
output layer had 10 neurons, and all of the neurons were fully connected. 
The output of a neuron was a function of the weighted sum of the net input of the neuron, i.e., 
ܻ = ݂(ߥ), and it was in the range of [–1, 1]. The initial weights and biases were set to random 
values between [–1, 1]. The activation function ݂(ߥ) suggested by Akkila et al. [24] was used: 
݂(ߥ) =  21 + ݁ିீఔ − 1. (8)
All activation function gain values ܩ were set to 0.3. The learning rate of the training process 
was set to 0.9. The training process used back propagation, steepest descent approximations, and 
over-fitting controls to calculate NN errors and modify neuron weights. The training process 
stopped when it reached 400 epochs or the total error was less than 0.1. 
3.4. NN training data collection 
To create training data for the NN controller, a 0.2 gram plastic contactor was attached to the 
sensor. Adding mass to the sensor increases sensitivity and reduces maximum frequency. 
Reducing the free-length of the sensor increases maximum frequency. To reduce free-length, the 
sensor was mounted on an acrylic box. The sensor was installed on the actuator (see Fig. 4). 
A function generator was used to create 281 sine, square, triangle, and ramp training signals, 
with 0.68, 1.68, and 2.68 V amplitudes and 10-250 Hz frequencies. A DC power supply and an 
intermittent connection were used to create 25 noise training signals, with 0.4, 0.7, 1.0, 1.3, and 
1.5 V amplitudes. An oscilloscope was used to measure training signals ( ଵܻ) and corresponding 
sensor signals (ܺଶ). Fig. 5 shows one square wave signal vector set.  
 
Fig. 4. Sensor, contactor, and micro-speaker 
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Totally, 306 signal vector sets were tested. Each signal was measured for 250 msec with a 
sampling rate of 10 kHz. Each training and sensor signal vector was divided into two parts and 
re-sampled, to create 612 vector sets. Each input and output vector contained 500 data points. 
A data expansion method was used to increase the performance of the NN training. A sliding 
window was used to choose 250 points from each input and output vector. Each time, the sliding 
window moved 50 points. As a result, there were 612×6 = 3672 vector sets, from 612 signal vector 
sets, derived from 306 signal vector sets. Each vector set contained 250 input data points and 250 
output data points. 
 
a) Training (output) signal vector 
 
b) Sensor (input) signal vector 
Fig. 5. 1.68 V, 50 Hz square wave signal vector set 
Before training, the NN training vectors were normalized, to avoid NN saturation. All of the 
training vectors were derived from similar, related signal vectors. Therefore, a global 
normalization approach was used. The minimum and maximum training vector values were  
–1.92 V and 1.54 V. Therefore, a global minimum value (–2 V), global maximum value (2 V), 
and a scaling factor (0.9) were used to normalize all training vector values to [–0.9, 0.9], to avoid 
NN saturation: 
ܺ௡௢௥௠ = −0.9 + 1.8 ×
ܺ − ݈݃݋ܾ݈ܽெ௜௡
݈݃݋ܾ݈ܽெ௔௫ − ݈݃݋ܾ݈ܽெ௜௡
, (9)
where ܺ௡௢௥௠ is a normalized training vector value, and ܺ is an original training vector value.  
Fig. 6 shows one square wave training signal and one controller output signal, in volts. The 
green signals are training signals; the red signals are controller output signals. After training, total 
root mean square error (TRMSE), after being transformed by inverse global normalization, for all 
25 NNs was 0.201 V, approximately 5 %. 
 
Fig. 6. Training results for square wave signals 
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4. Verification testing 
To complete verification testing, the prototype device was used to create realistic vibrations 
from actual surface textures. The device sensor was used to measure vibrations from three 
sandpaper disks. Each disk had a different grit value. The sensor was placed above the plate. Each 
disk was fixed to a rotating plate. Fig. 7 shows the setup used to measure vibrations. 
 
Fig. 7. Setup used to measure vibrations 
The sensor contactor touched each disk at a point 65 mm from the center of the plate. The plate 
rotated at approximately ߨ/12 rad/s, which moved the disk past the contactor at 17 mm/s. The 
setup dimensions and speeds were chosen to create 100-200 Hz vibrations. Fig. 8 shows measured 
vibrations from 40-grit sandpaper disk. Fig. 9 shows the measured frequency spectrum for the 
40-grit disk. 
The measured amplitudes for the 40-grit, 80-grit, and 180-grit disks were 400 mV, 300 mV, 
and 200 mV. The results showed that the measured amplitudes were less for the fine surface 
textures. The measured center frequencies for the 40-grit, 80-grit, and 180-grit disks were 80 Hz, 
150 Hz, and 200 Hz. The results showed that the measured center frequencies were greater for the 
fine surface textures.  
 
Fig. 8. Measured vibrations from 40-grit sandpaper disk 
 
Fig. 9. Measured frequency spectrum from 40-grit sandpaper disk 
The measured surface textures were used to create sensor signal vectors, the sensor signal 
vectors and the NN controller were used to create NN controller signal vectors. NN controller 
signal vectors, an arbitrary waveform generator, and the micro-speaker were used to create 
micro-speaker vibrations. Fig. 10 shows the measured micro-speaker vibrations for the 40-grit 
sandpaper disk. Fig. 11 shows the measured frequency spectrum for the micro-speaker. 
The measured amplitudes for the 40-grit, 80-grit, and 180-grit micro-speaker vibrations were 
400 mV, 300 mV, and 200 mV. The measured center frequencies for the 40-grit, 80-grit, and 
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180-grit micro-speaker vibrations were 100 Hz, 150 Hz, and 200 Hz.  
The results show that micro-speaker vibration amplitudes matched measured surface texture 
vibration amplitudes well, in the time domain, micro-speaker vibration frequencies matched 
measured surface texture vibration frequencies well, in the frequency domain, and the device 
creates realistic vibrations from actual surface textures. 
 
Fig. 10. Micro-speaker vibrations for the 40-grit sandpaper disk 
 
Fig. 11. Measured frequency spectrum for the micro speaker 
5. Feedback effects 
To complete user testing, the device was used to create realistic tactile (surface texture) 
feedback from actual surface textures. Twenty-three subjects (19 males, 4 females) used the 
realistic tactile haptic device to complete three user tests (a tactile perception test, a tactile 
matching test, and a tactile differentiation test) and a feedback session. The subject ages ranged 
from 23-31 years. None of the subjects had previous experience with tactile haptic devices. 
For the three user tests, the subjects touched sandpaper disks and micro-speakers, the subjects 
wore eye coverings, to eliminate visual feedback, and the subjects wore headphones and listened 
to white noise, to eliminate audio feedback (see Fig. 12).  
 
Fig. 12. User tests 
5.1. Tactile perception test 
The purpose of the tactile perception test was to verify that the subjects could detect surface 
textures. The subjects touched three randomly ordered sandpaper disks (40-grit, 80-grit, 180-grit) 
with active touch, identified the order of the three randomly ordered sandpaper disks (from left to 
1572. THE EFFECTS OF REALISTIC TACTILE HAPTIC FEEDBACK ON USER SURFACE TEXTURE PERCEPTION.  
SHANA SMITH, GREGORY C. SMITH, JI-LIANG LEE 
 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2015, VOLUME 17, ISSUE 2. ISSN 1392-8716 1013 
right), and rated the three randomly ordered sandpaper disks as (most different, different, similar, 
most similar). 
All of the subjects completed the tactile perception test, all of the subjects identified the order 
of the sandpaper disks, most of the subjects rated the 40-grit disk most different, and most of the 
subjects rated the (80-grit, 180-grit) disks most similar. The results showed that the subjects could 
detect the 40-grit, 80-grit, and 180-grit surface textures. 
5.2. Tactile matching test 
The purpose of the tactile matching test was to verify that the subjects could detect 
micro-speaker vibrations, and verify that the subjects could match real surface textures to 
micro-speaker vibrations.  
The subjects touched three randomly ordered sandpaper disks (40-grit, 80-grit, 180-grit) with 
active touch, touched three randomly ordered micro-speaker vibrations with passive touch, 
matched the randomly ordered sandpaper disks to the randomly ordered micro-speaker vibrations, 
and repeated the procedure six times (twice for each sandpaper disk). 
All of the subjects completed the tactile matching test, there were significant differences in the 
subject responses for the different randomly ordered micro-speaker vibrations, (݌-value < 0.0001), 
and there were no significant differences in the subject responses for the different subjects  
(݌-value = 0.9431). 
The subjects matched the randomly ordered (40-grit, 80-grit, 180-grit) sandpaper disks to the 
randomly ordered micro-speaker vibrations for the (40-grit, 80-grit, 180-grit) sandpaper disks 
(78.3 %, 67.4 %, 50.0 %) of the time, (135.1 %, 102.4 %, 50.2 %) improvements over guessing, 
(݌-values < 0.0001, ݌-values < 0.0001, ݌-values < 0.0001). 
The subjects matched the randomly ordered (40-80 grit, 80-180 grit) sandpaper disks to the 
randomly ordered micro-speaker vibrations for the (40-80 grit, 80-180 grit) sandpaper disks 
(91.3 %, 74.6 %) of the time, (60.8 %, 0.0 %) improvements over guessing (݌-values < 0.0001,  
݌-values = 0.1882). 
The subjects matched the randomly ordered (40-grit and 180-grit) sandpaper disks to the 
randomly ordered micro-speaker vibrations for the (40-grit and 180-grit) sandpaper disks (99.3 %) 
of the time, a (96.8 %) improvement over guessing (݌-value < 0.0001). 
The results showed that the device creates realistic surface texture feedback for (40-80 grit) 
surface textures, and future work is needed to create more realistic surface texture feedback for 
(80-180 grit) surface textures. 
5.3. Tactile identification test 
The purpose of the tactile identification test was to verify that the subjects could detect 
vibrations that do match real surface textures, and verify that the subjects could detect vibrations 
that do not match real surface textures. 
The subjects touched three randomly ordered sandpaper disks (40-grit, 80-grit, 180-grit) with 
active touch, touched five randomly ordered micro-speaker vibrations (40-grit, 80-grit, 180-grit, 
(2 V, 100 Hz) sine wave, (1 V, 100 Hz) square wave) with passive touch, identified the randomly 
ordered micro-speaker vibrations that matched the randomly ordered sandpaper disks, identified 
the randomly ordered micro-speaker vibrations that did not match the randomly ordered sandpaper 
disks, and repeated the procedure five times (three times for the randomly ordered micro-speaker 
vibrations that matched the randomly ordered sandpaper disks, one time for the sine wave 
vibration that did not match the randomly ordered sandpaper disks, one time for the square wave 
vibration that did not match the randomly ordered sandpaper disks).  
To keep a balanced design, data was collected for 21 subjects, there were significant 
differences in the subject responses for the randomly ordered micro-speaker vibrations,  
(p-value < 0.0001), and there were no significant differences in the subject responses for the 
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different subjects (݌-value = 0.7951). 
The subjects identified the randomly ordered micro-speaker vibrations that (did and did not) 
match the randomly ordered sandpaper disks 59.0 % of the time, a 136.0 % improvement over 
guessing, (݌-value < 0.0001).  
The subjects identified the randomly ordered micro-speaker vibrations that did match the 
randomly ordered sandpaper disks 61.9 % of the time, a 147.6 % improvement over guessing,  
(݌-value < 0.0001).  
The subjects identified the randomly ordered sine wave vibrations that did not match the 
randomly ordered sandpaper disks 76.2 % of the time, a 204.8 % improvement over guessing,  
(݌-value < 0.0001). 
The subjects identified the randomly ordered square wave vibrations that did not match the 
randomly ordered sandpaper disks 33.3 % of the time; the result was not a significant 
improvement over guessing (݌-value = 0.4385). 
There were no significant differences between the subject responses and the randomly ordered 
micro-speaker vibrations, for the randomly ordered micro-speaker vibrations that did match the 
randomly ordered sandpaper disks, (݌-value = 0.7607). 
There were no significant differences between the subject responses and the randomly ordered 
micro-speaker vibrations, for the randomly ordered sine wave vibrations that did not match the 
randomly ordered sandpaper disks, (݌-value = 0.0708).  
There were significant differences between the subject responses and the randomly ordered 
micro-speaker vibrations, for the randomly ordered square wave vibrations that did not match the 
randomly ordered sandpaper disks, (݌-value = 0.0106). 
The results showed that realistic touch does matter. The results showed that realistic tactile 
haptic feedback improves user surface texture perception. 
5.4. Feedback session 
The purpose of the feedback session was to identify subject feedback, recommendations, and 
needs for future work. The results showed that most of the subjects felt that the realistic tactile 
haptic device was natural, intuitive, and easy to use, most of the subjects felt that their finger 
became less sensitive as the tests progressed, and most of the subjects felt that reduced sensitivity 
may have affected their answers as the tests progressed. 
The results showed that the number of errors decreased (0.05 errors per trial), during the tactile 
matching test, (݌-value = 0.0472). The results showed that the number of errors did not change, 
during the tactile identification test, (݌-value = 0.8897). Therefore, the results showed that reduced 
sensitivity did not affect their answers as the tests progressed. 
One subject felt that the realistic tactile haptic device needed a fixture, to position their hand 
when they touched the micro-speaker, and the subject felt that a fixture could help them detect 
vibrations better. Some of the subjects felt that the realistic tactile haptic device needed to create 
friction effects. 
6. Conclusions 
This study creates a realistic tactile haptic device, uses the device to create realistic tactile 
haptic feedback, and measures the effects of realistic tactile haptic feedback on user surface texture 
perception. The device considers sensor, actuator, and sensor installation effects. The device gives 
users the ability to detect features, properties, and vibrations by touching. 
To complete verification testing, the device sensor was used to measure vibrations from three 
sandpaper disks. Sensor signal vectors and the NN controller were used to create NN controller 
signal vectors. NN controller signal vectors, a waveform generator, and a micro-speaker were used 
to create micro-speaker vibrations. 
Verification test results show that the device can create realistic tactile feedback from actual 
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surface features. The device can create realistic tactile feedback that matches actual surface 
features well. The device can also create realistic tactile feedback, in real-time. The device is 
portable, small, light, and cost-effective. 
Study results show that realistic tactile haptic feedback improves user surface texture 
perception. Users can detect 40-grit, 80-grit, and 180-grit surface textures. Users can detect 
micro-speaker vibrations for 40-grit, 80-grit, and 180-grit surface textures. Users can match 
(40-grit and 180-grit) surface textures to micro-speaker vibrations for (40-grit and 180-grit) 
surface textures (99.3 %) of the time. 
Overall user test results also show that the device can create realistic surface texture feedback 
for 40-80 grit surface textures. However, more work is needed to create realistic surface texture 
feedback, for 80-180 grit surface textures. More work is needed to develop fixtures for attaching 
the device to a user’s finger. More work is also needed to combine vibrations and friction forces 
into the device. 
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